The x-ray crystal structure of succinyl-CoA synthetase (SCS) from Escherichia coli has been determined by the method of mu!tiple isomorphous replacement to a resolution of 2.5 A. Crystals of SCS are tetragonal with a space group of P4,22 oand unit cell dimensions of a = b = 98.47 A and c = 400.6 A. One molecule of SCS (142 kDa) is contained in the asymmetric unit. The current model has been refined to a conventional R factor of 21.6% with root meqn square deviations from ideal stereochemistry of 0.022 A for bond lengths and 3.25" for bond angles. The quaternary organization of the E. coli enzyme is an cyz& heterotetramer. In this tetramer, the cy-subunits interact only with the P-subunits, whereas the P-subunits interact to form the dimer of aP-dimers. The two active site pockets are located at regions of contact between a-and p-subunits. One molecule of coenzyme Ais bound to each cy-subunit at a typical nucleotide-binding motif, and His-246 of each cy-subunit is phosphorylated. This phosphohistidine, a catalytic intermediate, is stabilized by two helix dipoles (the "power" helices), one from each of the two subunit types. A short segment of the P-subunit from one @-dimer is in close proximity to the CoA-binding site of the other @-dimer, providing a possible rationale for the overall tetrameric structure.
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catalysis, has been identified as His-246 in the a-subunit Buck et al., 1985) . Several lines of evidence suggest that the complete catalytic sites are formed by regions of contact between the a-and P-subunits.
There are important distinctions between bacterial and mammalian SCS. The subunits of eukaryotic SCS are encoded in the nucleus and synthesized as precursors in the cytoplasm prior to mitochondrial translocation, processing and assembly (Majumdar and Bridger, 1990) . In contrast to the E. coli enzyme, SCS from mammalian mitochondria functions only as an aP-dimer (Wolodko et al., 1986) . Although the mammalian subunits are larger in molecular weight (a = 32.1 kDa; P = 42.5 kDa), they display a remarkable degree of conservation of amino acid sequences with the bacterial forms. For example, the mammalian a-subunit has 70% sequence identity to its bacterial counterpart and 90% similarity when conservative replacements are considered (Henning et al., 1988) . The P-subunits are 45% identical and 6 4 8 similar when conservative replacements are considered (Bailey et al., 1993) . E. coli SCS has somewhat degenerate specificity for the nucleotide substrate, preferring adenine to guanine nucleotides. Interestingly, two distinct isoforms of SCS are found in mammalian tissues, each highly specific for either ATP or GTP.
Understanding the catalytic properties and function of the different subunit interactions of SCS from various sources requires knowledge of three-dimensional structure. Here we report the solution of the x-ray crystal structure of SCS from E. coli a n d a greliminary description of the tetramer at a resolution of 2.5 A. This structure of the bacterial enzyme provides us with clues as to how the subunits may interact and carry out such a complicated reaction. Furthermore, for the first time we have a solid basis upon which to evaluate previous data from solution work and to address some of the puzzling observations.
MATERIALS AND METHODS
Crystullization-SCS was produced in E. coli JM103 transformed with the overexpression plasmid pGS202 (Buck and Guest, 1989) . The bacteria were grown in cultures of 10 liters of Luna Broth plus ampicillin (50 pg/ml) under full aeration and vigorous agitation. Typically, cells were harvested when they had reached early stationary phase, approximately 5 h after induction by shifting the incubation temperature from 30 to 42 "C. Excellent yields of enzymatic activity greater than 950 unitslgram (wet weight) of cells were obtained routinely. The enzyme was purified from a thawed cell suspension as described previously (Wolodko et al., 1986) .
Tetragonal crystals of SCS suitable for x-ray diffraction study were grown by microdialysis against ammonium sulfate solutions containing CoA (see Wolodko et ul. (1984) ). The space group is P4,22 with unit cell dimensions of a = b = 98.47 A and c = 400.6 A and one tetramer per asymmetric unit. Potential heavy atom derivatives were prepared by soaking native crystals in situ after CoA and protein in the surrounding mother liquor had been removed.
Datu Collection and Processing-The crystals of E. coli SCS that were most suitable for x-ray diffraction study were found to be soft and susceptible to severe radiation damage (Wolodko et ul., 1984) . An additional challenge was presented by the long unit cell dimension of 400 A along the c axis of these crystals. These factors thus limit the utility of the crystals for data collection to high resolution with conventional x-ray sources, necessitating the use of synchrotron radiation. Sixteen diffraction data sets (four native and twelve potential derivatives) were collected at the Photon Factory synchrotron radiation source (Japan) on BL6A2 using a screenless Weissenberg camera (Sakabe, 1983) with a crystal-to-film distance of430 mm and a wavelength of 1.0 A. Diffraction intensities were recorded on Fuji imaging plates and digitized immediately using a Fuji BA-100 scanning system. The crystals were mounted and aligned with c+ perpendicular to the spindle axis and x-ray beam. A total range of 90" was collected for each data set using seven or eight crystals. The sequences of oscillation ranges and coupling constants, based on analyses of printed predictions, incorporated an overlap of 0.5" between successive imaging plates and a 0.5-2.0" overlap between sequential crystals. The maximum oscillation range used for any one imaging plate was 4.5". and no crystal was exposed for more than 18" in total. To minimize the effects of radiation damage, the crystals were aligned only by inspection prior to exposure for data collection. Afterward for each crystal, two Polaroid photographs (2" oscillations) were taken: one at the zero setting of the spindle dial, and the other a t 90" from the corrected zero degree setting. Subsequent measurement of these Polaroid photographs provided the mis-setting angles required for preliminary processing of the diffraction data using the program WEIS (Higashi, 1989) . Intensity data were merged using the program COMBINE and scaled using programs from the BIOMOL program system (Groningen, Netherlands). All the data sets were processed first to 5-A resolution. Data from the native crystals and from six derivatives that proved most useful were then processed to their diffraction limits of 3.5-2.5 A (R,,,,, factors' of 7-9% on data from 100 to 3 A).
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Multiple Isomorphous Replacement-Heavy atom positions of highest occupancy were determined from difference Patterson functions (100-5-A resolution) using the program SHELXS-90 (Sheldrick et al., 1993) . Additional heavy atom sites were located in difference Fourier maps. The heavy atom positions, as well as occupancies and temperature factors, were refined with the program ML-PHARE (Otwinowski, 1990) . The resulting mean figure of merit for the phases of 40,480 reflections from the native SCS crystals between 20-and 3-A resolution was 0.404. Data pertaining to the heavy atom derivatives are summarized in Table I .
Phase Improvement and Refinement-A non-crystallographic twofold axis of symmetry relating the two ap-dimers was expected since the crystals have one tetramer in the asymmetric unit. Pairs of heavy atom positions showed this symmetry. The matrix describing the non-crystallographic symmetry was calculated by superimposing heavy atom positions. It was used with the MIR electron density map to calculate a local correlation map, which in turn, was used to define a n envelope enclosing regions where the two-fold symmetry was obeyed. Knowing that the crystals contained greater than 60% solvent, such maps were used to define the region for averaging the electron density. The Fourier transforms of this averaged, solvent-flattened map improved the phase estimates. All averaging was done with the DEMON program package (Vellieux, 1993) . Specifically, the initial electron density map was calculated using the observed structure factors, the MIR phase estimates, and the figures of merit, for all reflections from 100-to 3-A resolution. The phase estimates were first improved for reflections to 5-A resolution. Only these MIR phase estimates were replaced by the phases from the Fourier transform of the averaged electron density (i.e. without phase combination) and the MIR figures pf merit were replaced by Sim weights (Bricogne, 1976) . From 5-to 3-A resolution, phases were improved in small steps of resolution, each increment corresponding to an increase of one-half a reciprocal lattice unit along c+. The envelope for the averaging (from the local correlation map) was redetermined every 10 increments.
At 4.5-A resolution, the handedness of the a-helices became apparent, and the space group was determjned to be P4,22. The first model was built into the averaged map a t 3-A resolution (Jones, 1985L3At this resolution, the electron density was connected and showed most of the protein fold. Using this model, a better envelope was chosen and the averaging repeated. The initial R factor for the model on data from 8-to 2.5-A resolution was 38.0%. This was improved to 24.0% by simulated annealing refinement using the program XPLOR (Brunger, 1990) . To this stage, the non-crystallographic symmetry was imposed. With further refinement using the program TNT (Tronrud, 1992) and removing the non-crystallographic symmetry restraints, the conventional R factor has improved to 21.6% for 67,272 reflections (100-2.5 A), 97% complete (I > Ou). The current model includes all 1352 amino acid residues of the tetramer, 111 solvent molecules, and a solvent continuum. No electron density is observed for the last residue at the C termini of the a-subunits, or for the last 3 residues at the C termini of the p-subunits.-The root mean square deviations from ideal stereochemistry are 0.022 A for bond lengths and 3.25" for bond angles.
The atomic coordinates (code lscu) for the current model of SCS have been deposited in the Protein Data Bank, Brookhaven National Laboratory, Upton, N y .
RESULTS
Theo approxjmate dimensions of the SCS tetramer are 120 A x 65 A x 70 A. Its structure is depicted in Fig. IA, as viewed down the two-fold symmetry axis. The a-subunits are located a t the opposite poles of the tetramer. Each a-subunit interacts primarily with one of the a-subunits, making up one ap-dimer. The association of the ap-dimers within the tetramer is mediated entirely by the a-subunits; there are no direct contacts between the a-subunits, which are separated by a distance of approximately 40 A. The p-subunits interact symmetrically through the middle of the tetramer filling the apparent void. A "side" view of the tetramer is shown in Fig. 1B . This is to emphasize that the quaternary structure has two profiles; one is quiFe flat, while the other is indented, narrowing to a depth of 45 A at the center. In the crystal, two tetramers pack through contact of the flat faces.
The polypeptide chain of each subunit is folded into distinct N-terminal and C-terminal domains. Each domain in the a-subunit (Fig. 1B) 1973). The two domains are not coplanar, but are twisted at an angle of 40" to each other. One molecule of CoAis bound to each a-subunit at the nucleotide-binding motif in the N-terminal domain (see Fig. 2 A ) . In the crystal structure, the catalytic histidine residue (His-246~)~ is phosphorylated in each a-subunit, and is located on an extended loop consisting of 23 residues in the C-domain (235~1-257~x1.
The two domains in the p-subunit are clearly separated (Fig.   2B ), linked by 7 hydrophilic residues (Arg-233p-Asp-234p-Gln235p-Ser-236P-Gln-237p-Glu-238p-Asp-239p). In the quaternary structure, this extended bridge is located at the center of the tetramer and is shielded by the packing of the P-subunits (Fig. 1) . The N-terminal domain is composed of two subdomains, each an antiparallel P-sheet with helices packed predominantly against one side of the sheet (see Fig. 2B ). The N terminus and the f i s t helix are part of the larger subdomain. This subdomain has a five-stranded p-sheet (six-stranded if the N-terminal reidues were to be defined as a strand). The two linked helices associated with this sheet are prominent at the flat face of the tetramer (Fig. 1B ) . The smaller subdomain has a four-stranded P-sheet. Interestingly, a short helix of this subdomain runs parallel to the bound CoA molecule in the other up-dimer (Fig. 1B ) . The C-terminal domain of the p-subunit is composed of a nucleotide-binding motif, the third in the a@ dimer. This domain is molded to the C-terminal domain of the ber designates the subunit.
In this nomenclature, the symbol a or p following the residue num- The labels N and C designate, respectively, the N and C termini of the polypeptide chains. The molecule of CoA, bound to the N-terminal domain of the a-subunit, and the phosphorylated histidine side chain are depicted by ball-and-stick models. The power helices in the C-terminal domain of the a-and p-subunits are shaded darker for emphasis. Horizontal brackets have been drawn under the N-terminal domain of the P-subunit to differentiate the two subdomains.
a-subunit in a given aP-dimer. Of the total surface area of the C-domain of the P-subunit, 28% (1733 A*) is buried a t this interface with the a-subunit (as calculated using the program MS (Connolly, 1983) ).
Within each cup-dimer both domains of the a-subunit and the C-domain of the P-subunit contribute structural elements that form an active site. The two active sites in the tetramer are equivalent deep pockets arranged on the same face of the whole enzyme (Fig. 1) . At each active site, the molecule of CoA is bound in an extended conformation. Specifically, the adenosine end of CoA is anchored in the nucleotide-binding motif of the N-terminal domain of the a-subunit. The interactions of 4 residues (Arg-29(3, Glu-33P, Ser-36P, and Lys-66P) from the P-subunit of the second @-dimer appear to play a part in the binding of this end of coenzyme A. The first 3 of these residues are in the short helix that runs parallel to the CoA molecule. The thiol group of CoA reaches the C-terminal domain of the a-subunit and is 7 A from the phosphorus of the phosphohistidine.
Two phosphoryl oxygens are within hydrogen bonding distances of the N-termini of two helices (the "power" helices), one from each subunit of the +dimer (see Fig. 3 ). The side chain hydroxyl groups of Ser-153a and Thr-155a and the amide nitrogen atom of Gly-154a at the end of the power helix in the a-subunit interact with one oxygen atom, whereas the backbone amide nitrogen atoms of Ala-266P and Gly-267P of the P power helix secure the second oxygen. The third oxygen atom of the phosphoryl group is oriented into the open space of the active site and points directly toward the thiol group of CoA. At the present stage of refinement and resolution, the phosphorus atom appears to be ia the plane of the imidazole ring with a bond distance of 1.8 A from the Ne1 nitrogen atom. The imidazole group of the phosphohistidine residue interacts at the N61 position with the carboxylate of Glu-208a of the Rossmann fold in the C-domain of the a-subunit (see Fig. 4 ).
DISCUSSION
In general, the tetrameric structure of SCS determined crystallographically is consistent with and extends the results of earlier biochemical work. For example, the overall shape and size of the model supports the conclusion made from sedimentation studies that SCS is a compact, globular protein (Wolodko the phosphorylated histidine (a246), glutamate (a208), and nearby residues from the lower ap-dimer as shown in Fig. 1B . The map contour level is 1.6 u. Ser-153a and Gly-154a are located at the N terminus of the power helix in the a-subunit. For clarity, the corresponding end of the power helix in the p-subunit is not shown (in this map, it would appear over and to the upper right of the phosphorylated histidine). The entire arrangement is illustrated schematically in panel B.
et al., 1986). That the quaternary association of the ap-dimers As indicated earlier, eukaryotic SCS is catalytically active as occurs through the P-subunits agrees with previous cross-link-an ap-dimer. In keeping with this, a comparison of the relevant ing studies (Teherani and Nishimura, 1975 ) and with our re-sequences of the two enzymes shows that the residues of the E. peated observation that under nondenaturing conditions the coli P-subunit that contribute to dimer-dimer interactions in purified P-subunits tend to aggregate (Wolodko et al., 1981) .
the tetramer are not conserved; one or both members of several 
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Gly-Phe-Thr-Gly-Lys-Gln-Gly salt bridge or hydrogen-bond partnerships are changed in the mammalian enzyme, presumably disfavoring formation of the tetramer. (For examples see Table 11 .) Furthermore, the sequence of the short helix from the second P-subunit contributing to CoA binding in the tetramer is not conserved in the mammalian P-subunit. This role for the second P-subunit of E. coli in binding CoA thus provides an attractive rationale for the requirement for a tetrameric structure for activity of the bacterial enzyme; different regions of each of the two P-subunits are required for the assembly of one active site. Significantly, those residues of the a-and @-subunits that are involved in forming an @-dimer are conserved (Table 11) , as are residues located in key active site motifs (see below), together implying that the catalytic mechanisms of the two forms of the enzyme are similar. A detailed understanding of how the mammalian enzyme acts as a dimer must await further understanding of its structure and function, however. Finding CoA bound at each active site of SCS in the crystal was not surprising given its relatively tight binding, reflected by a K,,, of 1.5 x M (Moffet and Bridger, 1973) . However, it was surprising to find that CoA was bound to the a-subunit since affinity labeling studies of SCS with oxidized CoA disulfide suggested that the CoA-binding site was in the P-subunit (Collier and Nishimura, 1978) . The crystal structure provides few clues to the site of disulfide formation with this substrate analog; the nearest cysteine residues in either P-subunit are at least 20 a away from the thiol group of the bound CoA in the tetramer.5
The amino acid residues that make up the CoA-binding domain of the E. coli a-subunit are well conserved in the mammalian proteins (see Table I1 for examples specific to the binding site). However, one sequence change may be significant; Ser-l8a of the E. coli enzyme is a lysine in the mammalian enzymes. This lysine residue may serve the present role of Lys-66P from the second ap-dimer in the tetrameric structure by binding to the phosphate groups of CoA. Clusters of amino acid residues at various regions of the active site pocket are conserved among all species of SCS studied. For example, the residues comprising the phosphohistidine loop, the two power helices, and the Glu-208a loop retain sequence identity. The two power helices contribute partial positive charges, by way of their helix dipole property (Hol et al., 1978) and hydrogen-bonding potential, that stabilize the two negative charges of the phosphoryl group. The double charge of the phosphoryl group is in keeping with the observed pH profile of enzymatic activity optimal at pH 7.3-7.5.6 The imidazole sulfhydryl of Cys-325 in each P-subunit. This could be consistent with In the 3F0 -2F'< map, trailing electron density is observed from the fortuitous binding of another CoA through a disulfide linkage.
W. ring must, itself, be protonated at the NS1 position to interact with Glu-208~1, and thus carries a single positive charge (Fig.  4B ). The P-N bond appears to be a single bond, as it is in the small molecule structures (Allen et al., 1983) of 1,3-diphosphorylimidazole (Beard and Lenhert, 1968 ) and l-carboxymethyl-2-imino-3-phosphonoimidazolidine (Phillips et al., 1979) .
Phosphorylation of the enzyme or the presence of Pi is a known requirement for assembly of the active tetramer from isolated subunits (Wolodko and Bridger, 1987) . The presence of the phosphoryl group may affect the folding of the phosphohistidine loop, one side of which then interacts with the P-subunit (Fig. 1B ) . In particular, the interaction of the phosphoryl group with the power helix of each subunit suggests how the phosphohistidine or Pi would stabilize the aP-dimer. This arrangement is also consistent with the enhanced stability of the phosphorylated enzyme in solution (Moffet et al., 1972) . To our knowledge, this is the first example of a phosphorylated histidine observed in a protein crystal structure. Although other proteins known to involve a phosphohistidine have been studied crystallographically (Winn et al., 1981; Herzberg et al., 1992; Jia et al., 1993) , the histidine is not phosphorylated in these crystal structures. Nevertheless, possible interactions to stabilize the phosphoryl group have been postulated in these structures, but these have different motifs from that seen in SCS. For example, in the case of the phosphocarrier protein, HPr, the phosphoryl group is thought to be stabilized by only one helix dipole and a positively charged arginine residue (Jia et al., 1993) . In the IIA domain of glucose permease, the oxygen atoms of the phosphoryl group have been modeled on the active site His-83 to interact with the side chain of His-68 and with the main chain nitrogen atom of a neighboring residue, Val-89 (Herzberg et al., 1992) . For phosphoglycerate mutase, it has been suggested (Winn et al., 1981) that the transferable phosphoryl group interacts with the hydroxyl of serine and threonine residues and with one of the two lysine residues at the C terminus. However, no electron density was seen for the last 14 residues of the C-terminal "tail," which was thus presumed to be flexible when the protein was not phosphorylated.
To be confident that the catalytic histidine residue is phosphorylated in both a-subunits of the tetramer, a test model substituting an alanine for His-246a in each ap-dimer was generated and refined for 15 cycles. Using the phase estimates from the refined test model, an F, -F, difference map was calculated. The appropriate regions of this difference map for the substituted histidine residues are shown in Fig. 5 . Although it is impossible to say with absolute certainty that both histidine residues are fully phosphorylated, the electron density in this difference map is strong and of expected relative strength to the imidazole rings to conclude that both histidines are phos- F, -F, difference map calculated using phase estimates from a refined test model in which alanine was substituted for the phosphorylated His-246a in each ap-dimer. Refinement was carried out without non-crystallographic symmetry restraints. The map contour level is 3.0 u. The orientation of the view and the residues drawn correspond to that presented in Fig. 4 . Panel A, the difference electron density associated with one ap-dimer; panel B , with the other ap-dimer.
phorylated. This conclusion agrees with the stoichiometry of phosphorylation reported by Bowman and Nishimura (1975) , and is at variance with several previous reports from this laboratory (e.g. see Moffet et al. (1972) and Williams and Bridger (1987) The binding sites for the substrates succinate and ADP remain to be identified. Certainly, there is room for succinate to bind between the sulfhydryl group of CoA and the phosphohisafter manufacture) showed two phosphoryl groups per azPz tetramer. Curiously, when otherwise identical experiments were done with [y-32PlATP that had been stored frozen for 1 month, the data indicated only one phosphoryl incorporated (M. Joyce, W. T. Wolodko and W. A. Bridger, unpublished data).
tidine. In the present structure, the thiol of CoA extends no
